Biofouling of membranes demands costly periodic cleaning and membrane replacement. A sustainable and environmentally friendly solution for maintenance is not available and would be of great interest for many purposes including economical. As complex biofilm formation by environmental strains is the major cause of biofouling and biofilm formation in most cases are controlled by N-Acylhomoserine lactone (AHL)-mediated Quorum Sensing (QS). An effort was made to understand the appropriateness of 2(5H)-furanone, to use against biofouling of membranes. QS inhibition activity by 2(5H)-furanone was studied using bioindicator strains and known AHLs of different acyl chain lengths. The biofilm inhibition was studied by growth analysis on polystyrene plate of Aeromonas hyrdrophila, an environmental biofilm strain isolated from a bio-fouled reverse osmosis (RO) membrane. Results showed a QS inhibition activity against a wide range of AHLs and also biofilm formation by 2(5H)-furanone, which is believed to act as a potential quorum inhibition agent in a bacterial biofilm community.
INTRODUCTION
Biofouling is a serious problem associated with membrane processes in water technologies causing deterioration of both the quantity and quality of treated water, and consequently resulting in higher treatment costs. Biofouling is a dynamic process of microbial colonization and growth, with the formation of microbial biofilms. It results in severe performance loss, modifies membrane surface properties and demands costly periodic cleaning or membrane replacement (8, 25) . Many studies have been focused on the alleviation of membrane fouling, for example, by backwashing, aeration, intermittent suction, module modification, addition of an inorganic coagulant and addition of a membrane fouling reducer (1, 13) . Chlorine is the most frequently applied agent in the biofouling control, but its destructive effect on certain membrane material, especially on polyamide reverse osmosis (RO) membrane due to the residual concentration, have already been reported (31) . Several antimicrobial chemical coatings have been tested on biomaterials to reduce the biofilms. Due to the toxic nature and reduced shelf life of the compounds, the need for alternative methods has become inevitable to overcome these problems.
Quorum sensing (QS) mechanisms of microorganisms are reported to be involved in the formation of biofilm, in which a quorum sensing signal molecule, an auto-inducer, functions to 228 Ponnusamy, K. et al. induce the formation of characteristic three-dimensional biofilm architecture. N-Acylhomoserine lactone (AHL) is the predominant signal molecule involved in QS (21) and it affects the expression of many genes and behaviors in various bacteria (26, 29, 30) . AHLs mediated gene transcription controls a variety of bacterial phenotypes (9, 28) . The LuxI protein family synthesizes AHL, and the LuxR protein family binds AHL and regulates expression of many genes responsible for their coordinated behavior including biofilm formation (11) .
An interference with this cell density-dependent communication mechanism, Quorum Quenching (QQ) has been suggested to be a promising strategy to control their coordinated behavior (6) . Reduction of biofilms has been achieved by inhibition of quorum sensing due to changes in the LuxR family protein receptor for AHL signal molecules (16) .
Several chemicals and enzymes that target the key components of bacterial quorum sensing systems have been identified as Quorum Sensing Inhibitors (QSI) in recent years (6) . A QSI system used by the marine algae Delisea pulchra has gained much interest. The algae prevent its surface colonization by other marine organisms through the production of specific defense chemical compounds called halogenated furanones (5) .
These furanones reside in vesicles on the surface of the algae and inhibit fouling of their surface by marine organisms.
Furanones act by mimicking the AHL signal, presumably by occupying the binding site on the putative regulatory protein, rendering it highly unstable and accelerating its turnover rate and thus resulting in the rapid disruption of the quorum sensing-mediated gene regulation (7) . It has been tested and used in various fields of biofilm-control. Wu et al. (32) reported that the synthetic furanones inhibited several bacterial quorum sensing and simultaneously reduced the severity of the lung infection.
The present study was focused on the use of the commercially available 2(5H)-Furanone against biofilm control. In this study, 2(5H)-furanone was tested against a wide range of individual AHL molecules to determine the QS control, as biofouling involves mixed biofilms that may have different kinds of AHLs of varying chain lengths. Furthermore 2(5H)-furanone was tested against biofilm formation in an environmental strain isolated from a fouled RO membrane. The study is supposed to lay a strong base to the knowledge on development of sustainable biofilm control.
MATERIALS AND METHODS

Microorganisms and chemicals used in the study
The bioindicator strain Chromobacterium violaceum CV026 is a mini-Tn5 mutant derived from C. violaceum ATCC 31532 (18) . It is deficient in AHL production, but responds to exogenous signal molecules and produces violacein (4) and was used to screen for short chain AHLs such as (C4, C6, C8 and 3-Oxo-C8-HSL). Agrobacterium tumefaciens NTL-4 bears the plasmid pZLR4 (14) capable of producing -galactosidase when exposed to AHLs. It was used to detect long chain AHLs (C10, C12, 3-Oxo-C12-HSL and C14-HSL) with great sensitivity (4, 34) . A biofilm-forming bacteria Aeromonas hydrophila isolated from a biofouled RO membrane system (Deasan, Chungbuk, Korea) was used in the study. The RO system used river water to produce highly purified water for industrial purposes. The bacterial samples were collected when the membrane system was disassembled after 4 years of operation, due to severe biofouling. All the strains were stored in LB slants (A. tumefaciens NTL-4 was maintained with gentamycin 30 µg/mL) at 4 o C and 20% glycerol stocks were maintained at -70 o C for long term preservation.
The quorum signal compounds N-butanoyl-L-homoserine
lactone (C14-HSL) and 2(5H)-furanone were procured from 
2(5H)-Furanone as quorum sensing and biofilm inhibition
Bioassay for Inhibition of Quorum Sensing
The QS based functions viz. violacein production in 
2(5H)-Furanone-mediated Biofilm inhibition
The biofilm formation of the environmental strain, A.
hydrophila, on polystyrene surface was studied using sterile, 
Statistical analysis
Statistical significance was determined using One-way analysis of variance (ANOVA). Values with p < 0.05 were considered as significance (n=6).
RESULTS AND DISCUSSION
The discovery of the biofilm regulatory mechanism, quorum quenching, afforded a novel opportunity to control 
2(5H)-Furanone as quorum sensing and biofilm inhibition
In the long chain AHLs, production of -galactosidase by NTL4 was inhibited in different levels depending on 2(5H)-furanone concentrations (0.4, 0.6, 0.8 and 1 mg/mL) (Fig. 2) .
The minimum concentration of 2(5H)-furanone required for a significant quorum inhibition activity was observed to be 0.4 mg/mL. 2(5H)-furanone (1 mg/mL) showed 52% and 46% QS inhibition when exposed to the signal molecules C12-HSL and C14-HSL, respectively. However, when the AHLs were C10-HSL and 3-oxo-C12-HSL, 2(5H)-furanone showed meager inhibition of -galactosidase production. It is therefore assumed that the Furanone-mediated reduction in violacein and -galacosidase synthesis were not due to inhibition of growth processes, but rather based on interferences with the signaling system of quorum sensing. 
